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C
oronary chronic total occlusions (CTOs) are defined as an occluded coronary vessel with TIMI (Thrombolysis in Myocardial Infarction) grade flow 0 and an estimated duration of at least 3 months. 1, 2 They are frequently encountered in patients undergoing coronary angiography, and recent registry data have demonstrated a prevalence of ≈25% in patients with obstructive coronary artery disease. 3 The application of contemporary techniques and the use of advanced dedicated equipment lead to high procedural success and low adverse events rates in experienced centers . 4, 5 Fractional flow reserve (FFR) is a validated tool to assess physiological severity of coronary artery disease and the need for subsequent percutaneous revascularization. 6, 7 Recent studies have shown that FFR measurements might have a prognostic role after percutaneous coronary intervention (PCI). [8] [9] [10] Furthermore, the final post-PCI FFR has been used as a surrogate of PCI optimization. 11, 12 Recanalization of a CTO leads to a number of anatomical and pathophysiological changes to the coronary circulation. These include anatomical and functional collateral vessels regression 13, 14 and significant lumen enlargement because of recovery of blood flow and restoration of vasomotor tone. [15] [16] [17] [18] The effect of these changes on post-CTO PCI FFR is unknown.
The aim of this study was to assess the functional result of CTO PCI by measuring FFR immediately post-CTO PCI and at short-term follow-up.
METHODS
The data, analytic methods, and study materials will not be made available to other researchers, as patients consent for data sharing was not obtained.
This was a prospective observational study, part of a research project on coronary CTO physiology (IMPACT-CTO study [ 
Study Patients
Consecutive patients with symptomatic stable angina scheduled for elective right coronary artery (RCA) CTO PCI in a tertiary cardiac center with a dedicated CTO program were recruited from October 2015 to November 2016. All patients had an RCA total occlusion with duration ≥3 months, evidence of viability and ischemia in the RCA territory as shown by noninvasive cardiac imaging and spontaneously visible collaterals from a contralateral donor artery. Patients with previous coronary artery bypass grafting, >1 CTO, and significant left main stem disease were excluded. The study was approved by the local ethics committee (15/EE/0269), and all patients provided written informed consent before the procedure.
Chronic Total Occlusion PCI
CTO was performed according to contemporary interventional techniques. Dual arterial access was used for all procedures. Recanalization strategy was at the operators discretion, following the hybrid algorithm. 19 A procedure was considered successful when achieving TIMI flow grade 3 with <30% angiographic residual stenosis in the CTO vessel. All patients received third generation drug-eluting stents (Ultimaster DES, Terumo Corp, Japan) and were discharged on dual antiplatelet therapy (aspirin and clopidogrel) with a duration of at least 1 year.
Study Protocol and FFR Measurements
The full study design and protocol have been previously described. 20 For the purpose of this analysis, FFR measurements were performed at the CTO vessel immediately after successful PCI and at 4 months follow-up. FFR was calculated as the ratio of distal coronary pressure (P d ) to aortic pressure (P a ) during maximum hyperemia. Before each measurement, intracoronary nitroglycerin was administered. Subsequently, the pressure wire was normalized at the tip of the guide catheter and advanced to the distal vessel, beyond the stented segment. Hyperemia was achieved with intravenous adenosine infusion administered centrally through a femoral vein at a dose of 140 µg/kg per minute. Once measurements were completed, the pressure guidewire was pulled back to the guide catheter and assessed for drift of the P d /P a recording. In the presence of significant drift (>±0.02), measurements were repeated.
The FFR collateral (FFR coll ) was used to assess collateral function and was calculated as FFR coll =(P w −P v )/(P a −P v ) during maximum hyperemia (P w =wedge pressure and P v =central venous pressure). 21 P v was measured with a 5F pigtail catheter placed at the level of the right atrium via the right femoral vein. To measure FFR coll , once a guidewire was successfully placed at the distal true lumen of the CTO vessel and without restoring the antegrade flow, an over-the-wire microcatheter was advanced distal to the occlusion. The guidewire
WHAT IS KNOWN
• Fractional flow reserve (FFR) measured post percutaneous coronary intervention has been proposed as a tool for acute procedural results optimization and long-term prognosis.
• After percutaneous recanalization of coronary chronic total occlusions, distal vessel size, and microvascular function change overtime. The effects of such changes on FFR measured post chronic total occlusion percutaneous coronary intervention are unknown.
WHAT THE STUDY ADDS
• After the chronic total occlusion percutaneous coronary intervention, there is a significant increase in the FFR of the recanalized vessel measured at short-term follow-up, compared with the FFR measured immediately after the procedure.
• At 4 months, 43% of the patients with a recanalized chronic total occlusion had an FFR <0.90.
was exchanged with a pressure wire positioned distal to the occluded segment in a relatively disease-free area and P w and FFR coll were measured. After successful PCI and at follow-up, measurements of P w and collateral function were performed with in-stent balloon occlusion in the revascularized RCA artery at the site of previous occlusion. 22 Furthermore, based on the original work by Pijls et al, 21 we calculated the epicardial component of FFR (FFR cor ) according to the equation FFR cor =(P d −P w )/(P a −P w ). Our aim was in combination with the FFR coll to allow better understanding of the collateral circulation contribution to the total FFR.
Angiographic Analysis of CTO and Collateral Vessels
Collateral circulation to the occluded RCA was graded angiographically using the Rentrop and collateral connections grading methods. 23, 24 Complexity of CTO was graded by the Japanese Multicenter CTO Registry score.
Mean lumen diameter distal to the stent was calculated by quantitative coronary angiography post index procedure and at follow-up. Measurements were performed up to 5 mm from the distal end of the stent. Quantitative coronary angiography analysis was performed in optimal projections using quantitative coronary angiography software (Philips Allura, The Netherlands).
Statistical Analysis
All quantitative variables were tested for normal distribution according to the Kolmogorov-Smirnov test. Continuous variables are reported as mean and SD values. Categorical variables are expressed as frequency and proportion. Comparisons between index and follow-up values were estimated using the paired t test analysis for variables with normal distribution and the Wilcoxon test in case of non-normal distribution. For differences between independent variables the independent samples t test analysis was applied. Group differences of categorical variables were tested by a χ 2 test. To estimate any proportional changes at follow-up, for categorical variables the McNemar test analysis was applied. Pearson correlation coefficients or Spearman correlation coefficients were used to assess the relationship between 2 variables as appropriate. The level of statistical significance was set at P=0.05 with 2 tails. Statistical analysis was performed using SPSS 24 software (SPSS Inc, Chicago, IL).
RESULTS
Thirty-four out of 40 consecutive patients with RCA CTO underwent successful PCI (procedural success rate: 85%). From those, 26 patients that underwent FFR of the RCA immediately after successful intervention and had a follow-up coronary angiography with additional FFR of the RCA at 4 months were enrolled. Furthermore, in 25 out of the 26 patients, functional assessment of the residual epicardial coronary artery stenosis by incorporation of the distal wedge pressure and collateral vessels with measurement of the FFR cor and FFR coll , respectively, was performed. CABG indicates coronary artery bypass grafting; CCS, Canadian Cardiovascular Society; CKD, chronic kidney disease; CVA, cerebrovascular accident; CTO, chronic total occlusion; J-CTO, Japanese Multicenter CTO Registry; LVEF, left ventricular ejection fraction; MI, myocardial infarction; PCI, percutaneous coronary intervention; and RCA, right coronary artery. respectively). The mean time of angiographic follow-up was 3.6±1.2 months. None of the patients had angiographically significant in-stent restenosis at follow-up.
Fractional Flow Reserve
The mean FFR value immediately after successful CTO PCI was 0.82±0.10 and significantly increased to 0.89±0.07 at 4 months (P<0.001). Figure 1 illustrates FFR dynamic changes by mean and individual cases values at baseline and at 4 months follow-up. The FFR increased in 20 out of 26 patients (76.9%) with a mean absolute increase of 0.07±0.08. Immediately after CTO PCI, FFR was ≤0.80 in 9 out of 26 patients (34.6%) and <0.90 in 18 out of 26 patients (69.2%). At 4 months, only 2 patients (7.7%) had an FFR ≤0.80 (P=0.016), while the incidence of FFR <0.90 was also significantly reduced to 42.3% (P=0.039). The incidence of FFR ≤0.80 immediately after successful PCI was significantly higher among patients with DR versus patients with WE recanalization (23% versus 12%; P=0.03; Figure 2 ). At 4 months, only 2 patients had an FFR ≤0.80; both of these had DR recanalization (20% versus 0%; P=0.063). Table 2 shows the FFR measurements post-PCI and at follow-up.
FFR Collateral and FFR Coronary
For the collateral evaluation, we calculated the FFR coll before the index procedure, immediately after successful recanalization and at 4 months follow-up. The serial changes in FFR coll can be found in Figure 3 . Collateral function did not regress immediately after PCI, but there was a significant decrease of FFR coll at 4 months follow-up, indicating a significant collateral regression. In contrast, the mean FFR cor depicted an inverse course with a significant increase at 4 months compared with the baseline value (0.86±0.09 versus 0.70±0.18, respectively; P<0.001; Figure 1 ). The mean difference between FFR and FFR cor , was significantly attenuated at 4 months (0.12±0.09 versus 0.03±0.02, respectively; P<0.001), following the regression of the collateral vessels.
Distal Vessel Diameter
The mean distal luminal diameter immediately after successful CTO recanalization was 2.04±0.52 mm and significantly increased to 2.54±0.43 mm (P<0.001) at 4 months follow-up (Figure 4) . Distal luminal diameter gain was observed in 84.6% of all study subjects, and the mean absolute luminal diameter gain was 0.50±0.50 mm.
Relation of FFR With Clinical and Procedural Parameters
The FFR immediately after intervention had a statistically significant inverse correlation with the FFR coll (r=−0.397; P=0.049; Figure 5 ). At 4 months, there was no correlation between FFR and FFR coll (P=NS). There was a strong negative correlation of the mean absolute FFR increase at 4 months and the index FFR, immediately after PCI (r=−0.73; P<0.001), indicating that the patients with the lower index FFR had a greater net FFR increase at 4 months.
There was no association of the post-PCI FFR, the FFR at follow-up and the absolute FFR increase with the history of diabetes mellitus or previous myocardial infarction, the duration of the CTO, the recanalization technique (WE versus DR), the total stent length, the distal luminal diameter after PCI and at followup, or the luminal gain at follow-up (P=ns for all comparisons). 
DISCUSSION
The present study is the first that investigates the dynamic changes of FFR immediately after successful CTO recanalization and at 4 months follow-up in a consecutive cohort of patients undergoing CTO PCI with contemporary techniques.
The main findings of this study are as follows: 1. After successful CTO recanalization, FFR was <0.90 in the majority of the cases and remained ≤0.80 in a third of the patients. 2. However, there was a substantial increase of FFR at 4-month follow-up, accompanied by significant increase in distal vessel size and regression of the collateral circulation. 3. At 4-month follow-up, 42.3% of the patients still had an FFR <0.90. FFR has become the gold standard in the physiological interrogation of intermediate coronary artery stenoses in patients with stable coronary artery disease that undergo diagnostic coronary angiography. 6, 7 Several recent studies have suggested the potential prognostic implications of supplementary measurement of FFR immediately post-PCI. [8] [9] [10] Low post intervention FFR could be the result of diffuse disease or residual distinct lesions distal to the stented segment. 25 Furthermore, suboptimal stent deployment could lead to low FFR via many mechanisms, including stent underexpansion, stent struts malapposition, stent edge dissection/hematoma, or in-stent tissue protrusion. 25 Recent studies in non-CTO vessels have shown that FFR can be used to guide immediate postprocedure decision-making and optimization of PCI acute results. 11, 12 In our study, we sought to investigate the functional result of CTO PCI as assessed by FFR and the plausible associations with various clinical, anatomic, and procedural factors. We performed serial FFR measurements immediately post-CTO PCI and at 4-month follow-up. It was found that immediately after CTO PCI, FFR was <0.90 in 69% of the patients and ≤0.80 in one-third of them. In one of the landmark studies of coronary hemodynamics in CTO, Werner et al 26 found that FFR immediately post-CTO PCI was <0.90 in 59% of the patients (n=106). In this study, a low FFR (0.81±0.07) was associated with a higher risk of reocclusion. The study, which was performed >15 years ago, had a different definition for CTO duration (occlusion >2 weeks), and the length of implanted stents was less than half of that in our study (<30 mm). A more recent study that compared FFR changes pre-and post-PCI in a CTO cohort and a non-CTO control group reported a post-CTO PCI FFR of 0.90±0.08. 27 The procedural information provided in this study is limited to allow a direct comparison with our study. However, the investigators report a substantially higher incidence of hypertension and diabetes mellitus; conditions correlated with microvascular dysfunction, which leads to higher FFR values. Furthermore, the average number of stent was 2.2, compared with 2.6 in our study, which might have led to longer stented segments. The study was There is significantly higher incidence of FFR ≤0.80 in patients, where a DR strategy of CTO recanalization was applied. Despite a generally low FFR immediately post-PCI, our study showed that FFR substantially increases in the short-term follow-up of 4 months. The absolute increase of 0.07 is not only statistically significant but is also large enough to carry clinical importance. Furthermore, an increase occurred in the vast majority of the patients directing towards a consistent phenomenon rather than random changes. There is no previous report in the literature reporting serial FFR measurements in a CTO vessel immediately post-PCI and at short-term follow-up. Studies performed in non-CTO vessels showed either absence of any change or a reduction of post-PCI FFR value at follow-up because of progression of atherosclerosis or in-stent restenosis. 28, 29 In our study, we intentionally selected a shortterm follow-up to avoid significant progression of atheromatous disease or stent restenosis. Importantly, at 4-month follow-up, none of the patients showed angiographic evidence of in-stent restenosis. Werner et al 30 used a Doppler wire to measure coronary flow reserve immediately after CTO PCI and at 5 months follow-up. Their study showed an increase of coronary flow reserve (2.01±0.58 to 2.50±0.79) because of a decrease in the baseline (resting) average peak velocity. The investigators interpreted these findings as the result of the resolution of the microvascular dysfunction caused by the CTO.
At follow-up in our study, 21% of the patients had an FFR >0.95 signifying minimal gradient across the deployed stents. However, a significant number of patients still had an FFR <0.90 (43%), although cases with an FFR ≤0.80 were almost abolished. These observations show that further effort needs to be made to understand the pathophysiological substrate of low FFR post-CTO PCI and guideways to optimize the procedural results and attain improved long-term outcomes.
Interestingly, in our study, the incidence of FFR ≤0.80 immediately after PCI was higher amongst patients with DR versus patients with WE as the successful recanalization strategy (23% versus 12%; P=0.03). At 4 months, only 2 patients (both with DR recanalization) had an FFR ≤0.80. These results could be explained by the difference of the total length of the implanted stents between the 2 strategies (86.2±19.3 mm in DR versus 58.4±31.2 in WE mm; P=0.01). Previous studies have shown that subintimal tracking is followed by longer stented segments. 31, 32 It has been shown that there is an inverse correlation between stent length and FFR post-PCI with very long stented segments resulting in lower FFR. 29 Furthermore, DR techniques might have caused greater vascular injury resulting in stent edge dissections and distal to the stent hematoma leading to luminal narrowing.
Intuitively, we identified distal luminal enlargement of the recanalized CTO vessel as a factor that could be responsible for increasing FFR at follow-up. It has been previously shown that successful recanalization of a CTO can result in discernible increase of the distal luminal diameter, which is primarily driven by an external elastic membrane enlargement and plaque regression over time. [16] [17] [18] The above changes are the result of the partial restoration of flow, shear stress, and vasomotor properties of the distal vessel after the CTO recanalization. 16, 17 Our data confirmed the previous findings of distal luminal diameter gain. However, counter-intuitively there was no association between the change in FFR and the changes in distal luminal diameter at 4 months follow-up.
Limitations
This study has a number of limitations. The most important is the small number of patients, and consequently, the results can be only considered as hypothesis generating. Because of the small numbers, the correlation analysis performed is not an exhaustive summary of relationships within the data and the coefficients produced might not fully capture the nature of their relationships. Only RCA CTOs were included and, therefore, FFR results in successful LAD and left circumflex artery CTO PCI might be different. We have not measured the microvascular function of the area perfused by the recanalized CTO, and its contribution to FFR changes can only be speculated. Previous studies have suggested that microvascular function will improve during follow-up after CTO PCI. 30 Resolution of microvascular dysfunction would allow microvessels to respond to the hyperemic stimuli (adenosine) reducing P d and potentially leading in lower FFR values at follow-up. The opposite has been observed in our study indicating that the proposed mechanisms of FFR change may overlap any changes in microvascular function. The planned approach to recanalize the CTO is not necessarily predictive of whether there are intraplaque or subintimal pathways. A recent analysis using intravascular ultrasound showed that subintimal tracking is present even when WE is the mode of CTO recanalization, while in a small number of cases where DR was the presumed method of recanalization, the wire had only crossed intraplaque. 32 Thus, any conclusion about FFR differences between WE and DR techniques should be dealt with caution. Finally, there is a small increase in FFR coll immediately after successful PCI (Figure 3 ). This could be because of limitations of the applied methodology; in the cases with retrograde recanalization, we used the retrograde channel to advance the pressure wire to the distal RCA to perform the measurements. This inevitably leads to partial obstruction and reduced flow through the collateral channel. After PCI the wire was advanced antegradely avoiding collateral vessels obstruction and leading to a higher FFR coll .
Clinical Implications
Post-PCI FFR emerges as a useful tool to assess acute stent deployment result. As shown in our study, in the case of CTO PCI a low postprocedural FFR is not terminal; a clinically significant increase is expected at follow-up because of many physiological changes in coronary circulation. Because procedural success is not an obstacle for CTO PCI anymore, efforts should focus in optimizing long-term outcomes. Future studies could use serial coronary physiology measurements to better understand the functional aspects of CTO PCI and guide further optimization of procedural results.
Conclusions
Post-CTO PCI, FFR increased significantly at short-term follow-up compared with measurements post the index procedure. However, in many cases FFR remained <0.90 at follow-up, indicating that further efforts should be made to optimize CTO PCI procedural results.
